SYNOPSIS If native or heparinized blood is passed slowly through a column of glass beads at room temperature, the number of platelets removed from the initial drop emerging from the column is less than that removed from the final drop. At 4°C. this difference disappears. If the blood is passed rapidly through such columns at room temperature fewer platelets are removed, but the initial-final difference persists. Von Willebrand's platelets are removed normally at slow speeds; at fast speeds abnormally few platelets are removed. Platelets emerging from all such columns are in aggregates.
connected to the pump and the other end to the column.
The pump pushed the blood through the column at a constant speed either 'slow' or 'fast' ( Table I ). The transit PLATELET AGGREGATION Platelet-rich plasma (0-38 citrate or 4 or 100 units of heparin final concentration) was prepared and after warming for 3 min., 2 ml. was put in the cuvette of a modified EEL titrator. This method was basically that of Bom (1962) and O'Brien (1962) . The cuvette was surrounded by a Perspex water bath at an appropriate temperature. The plasma was stirred at a constant rate and the signal, i.e., optical density, was recorded on a Honeywell recorder, and 0 7 g., or other weight as indicated, of glass beads was poured into the imvette. There was then in effect a two-compartment system in the closest contact: beneath the stirrer the platelet-rich plasma was exposed to stirred glass beads, while above, the plasma was swirling round in a turbulent manner. Much swirl, recorded as a tracing of wide amplitude, indicates asymmetrical platelets; a decrease in amplitude indicates a change towards greater symmetry, e.g., spheres (O'Brien and Heywood, 1966a ). An increase in optical density recorded downward on the tracings indicates platelet aggregation. Other aggregating agents were tested by adding them dissolved in 0-1 ml. of buffered saline to the stirred platelet-rich plasma.
RESULTS

THE EFFECT OF ANTICOAGULANTS AND RED CELLS It
has previously been reported that fewer platelets are removed from citrated blood than from native blood and that fewer platelets are removed from plateletrich plasma than from whole blood (O'Brien, 1961) .
Heparinized (3-6 ,u/ml.) blood and platelet-rich plasma were compared with native blood obtained from the same venepuncture. Two donors and slow and fast speeds were used (Table II) . It will be seen that the addition of heparin to blood has no appreciable effect. Removal of the red cells from this heparinized system causes a great decrease in the number of platelets removed. These results are thus parallel to those when citrate is used as anticoagulant.
GLASS COLUMN LENGTH In a preliminary study using a slightly different method, aliquots of 11 samples of blood were passed through columns of different lengths (Fig. 1 ). It will be seen that increase in column length is associated with a linear increase in the proportion of platelets removed. Figure 3 .
EFFECT OF TEMPERATURE Hellem (1960) and O'Brien (1961) reported that the number of platelets removed Figure 3 . At slow speed they did not differ significantly from normal. At the fast speed very few platelets were removed initially; the final figure (10%) is even more obviously abnormal. The individual final figures are reported in Fig. 3 , from which it will be seen that at the fast speed there is virtually no overlap between the patients and 30 results from 17 healthy controls (mean 42 4%).
On three occasions native blood from von Willebrand patients was passed quickly through an 11-2 g. column, i.e., four times as long as the normal 2-8 g. column. The initial mean for these runs was 22% compared with the mean of three normals which was 44 %. Thus although the time taken for blood to pass through the filter (17 sec.) is longer than that using the slow speed at normal column length (13 sec.) the difference between von Willebrand and normal blood persisted. Two patients with haemophilia were studied similarly and were not apparently different from normal.
RESULTS FOR PLATELET AGGREGATION INDUCED BY GLASS
The platelet counting fluid contains cocaine which causes platelet aggregates to disperse. However, routine blood films were made from blood emerging from the columns and sometimes this blood was fixed immediately in formol citrate and then spread; it was then found that 80 to 100% of the platelets even from the initial drop at fast speed (contact time 3-5 sec.) emerged in small clumps. Accordingly, the system described under methods was devised to study platelet aggregation induced by glass.
When 0 7 g. of glass beads was added to stirred heparinized (3-6 or 100 u. heparin/ml.) platelet-rich plasma at 24°C. it was found that the amplitude of the tracing decreased immediately. After a delay of about 50 seconds aggregation began and the tracing went down. A typical run is recorded in Fig. 4 The effect of temperature was unexpected. At 370C. the addition of 0-7 g. of beads to heparinized platelet-rich plasma produced minimal aggregation after a delay of about two minutes, The reaction was optimal with a short delay and rapid aggregation at 24°C; at 150C. the reaction was again feeble (Fig. 5) .
If citrated platelet-rich plasma was compared with heparinized platelet-rich plasma, at all temperatures, the delay was longer and the degree of aggregation produced was very much less. If the rate of stirring was greatly reduced, the delay and the rate of aggregation was feeble. Increasing the stirring above an optimal rate of about 400 r.p.m. did not enhance aggregation. Increasing quantities of beads were added to 2 ml. aliquots of heparinized platelet-rich plasma at 240C.: 0-23 g. of beads produced little or no effect; 0-46 g. produced aggregation after a delay of about 60 sec.; 0-7 g. produced a more vigorous response, and 0-93 g. sometimes interfered with the ,C. 15 ., delay and the rate of aggregation is recorded by a low figure.
The effect of altering the platelet count could now be quantitated. Platelet-rich plasma was diluted with platelet-poor plasma obtained from the same blood to obtain platelet-rich plasma with different platelet counts and these mixtures were tested at 240C. with the standard 0 7 g. of beads. The delay (Fig. 7) rotation of the magnet and the rate of aggregation was not much increased above that with 0-7 g.
Before the effect of varying the platelet count could be investigated a method of quantitating the response had to be devised. It was decided to define the delay as the time in seconds from the addition of beads till the tracing had descended 3 chart units. The rate of aggregation is reflected in the steepness of the tracing, but few tracings had an easily definable part of maximal steepness through which a straight line could be drawn. In practice an approximate estimate of the maximal rate of aggregation was obtained by measuring the horizontal distance the tracing traversed when it dropped from 3 to 8 chart units below the control level (Fig. 6) The platelet-rich plasma from haemophiliacs responded similarly to that from the normal controls in the glass-induced aggregation tests.
INHIBlTION OF GLASS-INDUCED AGGREGATION AND
SHAPE CHANGE The prior addition of 0-1 ml. adenosine M x 10-2 or 0-1 ml. of 5% E.D.T.A. inhibited aggregation but had no effect on the shape change. Two ml. of platelet-rich plasma was incubated for 10 minutes with 0-1 ml. of each of the following enzyme inhibitors at the strength given and then the platelet-rich plasma was tested for its reaction to glass: dinitrophenol 5M x 10-2, sodium malonate 5M x 10-2, sodium arsenate 5M x 10-3, sodium iodoacetate 5M x 10-3, sodium cyanide 4M x 10-2, and strophanthin G (Oubaine) 2M x 10-2. None was found to inhibit aggregation or the shape change produced by glass or ADP. Incubation with iodoacetate and sodium cyanide together inhibited aggregation and the shape change induced by glass and also by ADP. (Hellem, [se to ADP, sero-1960) . This claim is hard to prove or disprove, Lthese results were particularly since ADP is metabolized rapidly by 1, 1966b) . All these plasma and platelets. It may be significant that in the Lormal range. An very long columns when traces of haemolysis were agen was prepared found, the percentage of platelets removed was less plasma to begin not more than might have been expected. The )nds. The average possible relevance of ADP-like activity found after atients was 27 sec the addition of glass to platelet-rich plasma is lagentest(O'Brien discussed later.
A COMPARISON OF DIFFERENT BEADS IN THE GLASS COLUMN AND IN GLASS-INDUCED AGGREGATION
ximal stimulation, EFFECT OF TEMPERATURE At 6°C. and with the slow sindistinguishable speed there is no difference between the number of platelets removed initially and finally, but at room temperature there is a marked increase between the first and last drops. These findings might suggest that as repeatedly been initially platelets stick directly to glass. The subsepassed through a quent increase at room temperature may be due to a 3; Salzman, 1963 ; rapid change in or around those platelets already is now shown that stuck so that further platelets stick to them, as has iow up this differ-been clearly demonstrated by Salzman (1963) . Whatna-glass reactions ever the true nature of this increase it is temperatureiture of the von dependant and presumably enzymatic.
also.
GLASS-INDUCED AGGREGATION Platelet removal by r Doubling the glass bead columns is unaffected byheparin (Table II) L the removal of but occurs less well in citrated blood. Glass-induced r of platelets, and platelet aggregation also occurs in heparinized Dxplanation is that platelet-rich plasma but not in citrated platelety responsible for rich plasma. Accordingly, it seems that a normal length of column calcium concentration is necessary for most plateletlus the results are glass interactions (but not the shape change), and thly progressive in since platelet-to-platelet adhesion, i.e., aggregation, is nd glass. But from not grossly decreased in citrate compared with in lly rapid and soon heparin, it is suggested that citrate interferes preof some clotting dominantly with the glass-plasma protein interaction nt reaction which rather than with the platelet surface. but since normal Many aggregation and disaggregation phenomena ilic blood behave are influenced by temperature. At 24°C. minimal is not excluded.
amounts of ADP induce aggregation but the dis--reactive platelets aggregation found at 37°C. is suppressed; the bi-*emoved first and phasic adrenaline response induced at 37°C. rh figures in the becomes at 24°C. a single wave of aggregation. It is concluded that there is often a balance of processes favouring aggregation which are dominant at 24°C. and others favouring disaggregation which are most active at 37°C. It is conceivable that on the addition of glass at 37°C. the disaggregation processes are immediately dominant.
It is not known whether the ADP-like activity found in the supernatant when glass-induced aggregation of platelet-rich plasma in the cuvette is complete, is the cause or the result of aggregation. If ADP is liberated early enough in the columns it could account for the appearance of aggregated platelets in the first drop of blood emerging from the columns 3 5 seconds after the blood has first touched the glass, and for the subsequent apparent increase in stickiness of the platelets. On the other hand the observation in the cuvette that aggregation, and hence the presence of ADP, could not be recorded before about 50 seconds. This might be due to differences in two techniques but the difference in time remains impressive.
The similarity of at least part of the underlying processes in the glass column technique and glassinduced aggregation is supported by the finding that a different batch of beads gave low results in both test situations.
SHAPE CHANGE INDUCED BY GLASS The decrease in amplitude occurring immediately heparinized platelet-rich plasma is exposed to glass is thought to indicate a change in shape towards more symmetrical forms. The decrease in amplitude is not due to an altered hydrodynamic situation since it persists after the glass is removed and is not due to contact activation of plasma. It is apparently due to the almost instantaneous transformation of platelets when they approach glass wetted with plasma. But it is curious that this change is complete in one to three seconds. The shape change induced by ADP, thrombin, and collagen is delayed and immediately precedes the platelets sticking together (O'Brien and Heywood, 1966a) and even occurs after the same delay under some conditions that inhibit aggregation. Thus, with ADP the shape change seems to be an independent phenomenon, but nevertheless, an essential prerequisite of sticking. On adding glass the shape change occurs immediately and aggregation occurs some 50 seconds later. This situation is clearly very different from that occurring after adding ADP, yet in the presence of E.D.T.A., both glass and ADP produce a normal change in platelet shape but no aggregation occurs. In E.D.T.A. platelet-rich plasma platelets almost certainly do not stick to glass at all, yet the shape changes.
Incubation with strong iodoacetate for a long time inhibits glass and ADP-induced aggregation. However, neither cyanide alone nor iodoacetate at an appropriate strength inhibits aggregation, but together they will inhibit aggregation induced by glass or by ADP. Gorstein and Carroll (1965) report that cyanide and iodoacetate when added together inhibit potassium uptake in the human platelets. They conclude that the potassium pump can obtain energy either from respiration or from glycolysis and that both pathways have to be blocked to inhibit potassium uptake. Our findings suggest that the development of 'stickiness' may also derive energy from either of these pathways since both have to be blocked to prevent aggregation. 'Stickiness' may thus be related to the functioning of the potassium pump, and to the inhibition of water as witnessed by the volume change (Bull and Zucker, 1965) Apart from the abnormal findings when studied in the glass columns von Willebrand platelets were stricly normal by all the techniques that could be devised (see especially Fig. 7) . With maximal and minimal stimulation of platelet-rich plasma by adding glass, collagen, ADP, adrenaline, and serotonin, von Willebrand's platelets behaved entirely normally. The abnormally long bleeding time in von Willebrand's disease suggests a platelet abnormality and this is apparently confirmed by the abnormal results with glass bead columns. However, when the red cells are removed, the platelets in platelet-rich plasma cannot be shown to be abnormal, yet it seems inherently unlikely that the red cells are responsible for this discrepancy. The low antihaemophilic globulin also does not seem to be responsible, particularly since haemophilic blood appeared to be normal in all tests. The functional abnormality in von Willebrand's disease thus remai ns unexplained.
